The water electrolysis for hydrogen production is constrained by the thermodynamically unfavorable oxygen evolution reaction (OER), which requires input of a large amount of energy to drive the reaction. One of the key challenges to increase the efficiency of the water electrolysis system is to develop highly effective and robust electrocatalysts for the OER. In the past 20-30 years, significant progresses have been made in the development of efficient electrocatalysts, including metal oxides, metal oxide-carbon nanotubes (CNTs) hybrid and metal-free CNTs based materials for the OER. In this critical review, the overall progress of metal oxides catalysts and the role of CNTs in the development of OER catalyst are summarized, and the latest development of new metal free CNTs-based OER catalyst is discussed.
Introduction
Hydrogen plays an important role in the energy sector. It is not only one of the most important feedstocks for the production of hydrocarbon fuels and chemicals, but also considered to be an ideal energy carrier for the renewable energy storage due to its high energy density and environmental friendliness [1, 2] . However, hydrogen does not exist in its pure state in nature, like oxygen, and has to be produced from hydrogen-containing resources such as natural gas, coal, biomass and water by reforming, gasification, thermal decomposition or electrolysis. Currently, about 96% hydrogen is produced from fossil fuels [3, 4] . The industrial processes produce significant amounts of CO 2 , which is a major greenhouse gas (GHG) to cause global warming.
Hydrogen production from water splitting or electrolysis derived from renewable energy, such as solar (photovoltaic) or wind energy, is sustainable and provides an environmentallyfriendly pathway to contribute towards meeting the constantly growing demand for energy supply and storage. For example, conversion of intermittent or excess solar (photovoltaic, PV) electrical energy into chemical energy by water electrolysis into hydrogen fuels can be used to store surplus solar energy during peak generation periods. During low generation periods (e.g., the night), these H 2 fuels can then be used to efficiently re-generate electricity via fuel cells. Fuel cells are energy conversion devices that electrochemically convert fuels such as hydrogen into electricity with high power density, high efficiency, and low GHG emissions [5] . Using H 2 as a fuel, the only by-product of the fuel cell reaction is water, which can be fed back into the water electrolysis process. Fig. 1 shows a schematic of the role of water electrolysis (electrochemical or photoelectrochemical types) and fuel cells in such environmentally-friendly energy solutions.
Unfortunately, water electrolysis is greatly constrained by the kinetically sluggish oxygen evolution reaction (OER) because it is thermodynamically and kinetically unfavorable for removing of four electrons to form oxygen-oxygen double bond [6] . Consequently, huge amount of efforts have been devoted to develop catalysts for more effective water electrolysis. Metal oxides, including RuO 2 and IrO 2 -based electrodes [7] [8] [9] , base metal (Co, Fe, Ni, Mn) oxides [10, 11] or hydroxides layers [12] [13] [14] , spinels [15] , and perovskites [16] [17] [18] have been intensively studied. One of the major disadvantages of metal oxides based catalysts is their relatively poor electrical conductivity. Carbon nanotubes (CNTs) possess high surface area, high conductivity and being corrosion resistant, providing an ideal platform to support the metal oxides for the development of efficient OER catalysts. CNTs based metal free catalysts also have been identified recently and showed the potential applications. In this review, we start with brief introduction to the basic principles in electrolysis, followed by the review of the key developments on metal oxides, metal oxide-CNTs hybrids and the CNTs based metal free OER catalysts.
Water electrolysis reactions
Water electrolysis is the process of electrically splitting water into oxygen and hydrogen. The overall water electrolysis can be described by the following equation:
The overall process is composed of hydrogen evolution reaction (HER) on the cathode and OER on the anode of the electrolyzer. Hence, in alkaline solutions (pH 14), the corresponding cathode and anode reactions are
where E1 c and E o a are the equilibrium half-cell potentials at standard conditions of 1 atm and 25 1C. In acid solutions (pH 0),
In neutral conditions (pH 7), the reactions are
Thus at standard conditions, the equilibrium or reversible potential is 1.23 V for water electrolysis. The water electrolysis is relatively favorable in acid and alkaline conditions due to the presence of deprotonated water molecules available for OER in alkaline solutions or HER in acid solutions. This also explains why water electrolysis in neutral condition is kinetically more difficult. In practice, production of hydrogen is hindered by the remarkable stability of water itself because the free energy required for the overall process of water electrolysis amounts to 237.21 kJ mol À 1 .
Electrocatalysts for water electrolysis

Electrocatalysts for HER
Water electrolysis reaction includes two half-cell reactions, HER on the cathode and OER on the anode. The best materials for HER are noble metals: Pt, Pd, Rh or Ir. Trasatti investigated the HER in acid solution and observed a volcano-type dependence of the exchange currents for HER on the strength of intermediate metal-hydrogen (M-H) bond, of which Pt shows the best activity [19] . In order to reduce the noble metal loading, Kelly et al. synthesized HER electrocatalysts by supporting one monolayer of Pt on low-cost molybdenum carbide (Mo 2 C) substrate. The monolayered Pt-Mo 2 C thin film showed Pt-like HER activity while displaying excellent stability under HER conditions [20] . Sub-monolayer to monolayer of Pt supported on tungsten carbide (WC) allows for a significant decrease in Pt loading for HER [21] . Density functional theory (DFT) calculations and experimental measurements indicate that the monolayered Pt-WC surface exhibits chemical and electronic properties that are very similar to bulk Pt [22] . Low-cost electrocatalysts for HER with high activity have also been investigated and developed, including molybdenum disulfide MoS 2 [23, 24] , nanostructured WS 2 [25] , nickel phosphide (Ni 2 P) [26] and Cobalt phosphide (CoP) [27, 28] . Recently, Zheng et al. reported a metalfree catalyst by coupling graphitic-carbon nitride (g-C 3 N 4 ) with nitrogen-doped graphene [29] . This metal-free hybrid catalyst showed comparable electrocatalytic HER activity with the existing well-developed metallic catalysts, such as nanostructured MoS 2 , but lower than that of the state-of-the-art Pt catalyst.
Compared with HER, OER is thermodynamically and kinetically unfavorable. Thus, considerable research efforts have been devoted to the development of OER catalysts with the aim of achieving high electrocatalytic activity and stability. In the following discussion, we will focus on the OER catalysts and particularly the role of CNTs for the development of advanced OER catalysts.
Electrocatalysts for OER
Noble metals and metal oxides
Similar to HER, in acid solutions, noble metal based on Ru, Ir, Pd, Pt, Au and their alloys are important OER catalysts [30] [31] [32] . Miles and Thomason studied systematically the OER in acid solutions (0.1 M H 2 SO 4 , 8072 1C) by cyclic voltammetry and showed that the order of OER activity is Ir$ Ru4Pd4Rh4Pt4Au4Nb4Zr$ Ti$ Ta (see Fig. 2 ) [31] . On the other hand, Danilovic et al. found that the most Fig. 1 . Schematic representation of the energy cycle using water electrolysis to store excess solar electrical energy and fuel cells to provide the electricity during the low peak or night period. active metal oxide is Os, and the order of activity for OER in acid media is Os»Ru4Ir4Pt»Au, but the stability of Os is low [32] . It has been reported that in the case of Ru, Ir and Pt and the corresponding carbon supported NPs, the OER activities of the oxidized metal catalysts are in the order of Ru4Ir4Pt [33] .
First-row transition metal oxides such as Ni, Co, Mn and Fe have been widely studied for their relatively good activity for OER. Trotochaud et. al. prepared FeO x , CoO x NiO x and MnO x thin films with 2-3 nm by solution-cast and found that the activities for OER are in the order of NiO x 4CoO x 4FeO x 4M-nO x [11] . Their catalytic activities for OER appear to be related to the OH-M 2 þ δ bond strength (0rδr1.5) with the order of NioCooFeoMn [34] , opposite to that of the activity. The M-O bond binding energy can also be tuned by alloying the metal oxides with other elements. Li et al. reported that doping Ni with Cu and Mn had adverse effect on the performance for OER, while addition of Co and Cr in Ni slightly increased the activity for OER, however, addition of Fe significantly increased the current density and lower the onset potential as well as the Tafel slope [35] . Diaz-Morales et al. studied Ni-based double hydroxides with Cr, Mn, Fe, Co, Cu, and Zn at the atomic scale and showed that doping Ni(OH) 2 with Cr, Mn, and Fe increased the catalytic activity of the Ni-based double hydroxides toward OER, while a deleterious effect was observed for the Co, Cu, and Zn doped Ni(OH) 2 (see Fig. 3 ) [36] .
It has been known that the addition of Fe into nickel oxide and/or the formation of Fe-Ni alloys, Fe-Ni oxides/hydroxides reduce the overpotential for OER. Louie and Bell [37] conducted a detailed investigation on the electrochemical activity of electrodeposited Ni-Fe film for OER in alkaline solution. The results indicate that the interaction between Ni and Fe leads to an improvement of OER activity, and Ni-Fe film with a composition of 40%Fe exhibits OER activity that is $ 2 orders of magnitude higher than that of a Ni film and $ 3 orders of magnitude higher than that of a Fe film. Fig.4 shows the variation of the specific current density and the overpotenial of Ni film as a function of the Fe composition [37] . Friebel et al. studied the mixed Ni 1 À x Fe x OOH using operando X-ray absorption spectroscopy (XAS) and high energy resolution fluorescence detection and found that Fe 3 þ in Ni 1 À x Fe x-OOH occupies octahedral sites with unusually short Fe-O bond distances, induced by edge-sharing with surrounding [NiO 6 ] octahedra [38] . Using computational methods, the authors established that this structural modification results in near optimal adsorption energies of OER intermediates and low overpotentials at Fe sites. By contrast, Ni sites in Ni 1 À x Fe x OOH are not active for the oxidation of water [38] .
Wang et al. recently showed that lithium-induced ultra-small NiFeO x nanoparticles (NPs) exhibited a high activity and stability for overall water electrolysis in alkaline solutions, achieving 10 mA cm À 2 current at 1.51 V for over 200 h without degradation in 1 M KOH, better than the iridium benchmark catalysts [39] . Delithiated Li(NiFe)PO 4 NPs anchored on reduced graphene oxide sheets also showed a good performance, generating a current density of 10 mA cm À 2 at an overpotential of 0.27 V in 0.1 M KOH [40] . The high activity of delithiated Li(NiFe)PO 4 was considered as a result of the significant increase of electrochemically active surface area (ECSA) and the increased oxidation state of the metal centers for delithiated LiMPO 4 . The same group also found that electrochemically tuned cobalt-nickel-iron oxides from the corresponding sulfides grown directly on the carbon fiber electrodes exhibited a low overpotential of 0.23 V at 10 mA cm À 2 and good stability for over 100 h in 1 M KOH solution [41] .
An effective catalyst active site is likely to contain multiple redox-active metal ions capable of buffering the multi-electron processes necessary for water oxidation. Studying complex oxide containing multi elements to screen optimized composition for OER is of great significance. Electrocatalytic OER response to metal stoichiometry in amorphous metal oxide films containing iron, cobalt, and nickel, formulated as aFe 100-y-z Co y Ni z O x were systematically studied [42] . It was found that small concentration of iron produced a significant improvement in Tafel slopes, and cobalt or nickel was critical in lowering the onset potential. The best catalytic parameters of the series were obtained for the film with composition aFe 20 Ni 80 [42] . Gerken et al. reported combinatorial screening of nearly 3500 trimetallic A x B y C z O q mixed metal oxide compositions [43] . Using a fluorescence-based parallel screening method, the OER activity of catalyst arrays under alkaline conditions were directly detected, and the composition-activity relationships amongst mixed oxides composed of earthabundant elements were determined. Significant sustained activity is observed only in the presence of Co or Ni, and the data draw attention to synergistic interactions between these redox-active ions and Lewis-acidic cations, such as Fe, Al, Ga, and Cr. The best activities were observed with oxides composed of Ni and Fe, together with another element, such as Ba, Ca, Cr and Sr [43] .
Perovskite oxides
Perovskites with structure of ABO 3 is another class of OER catalysts that has been intensively investigated [16, [44] [45] [46] . The physico-chemical and catalytic properties of perovskites can be 0 is an alkaline earth metal mainly Sr, and B is a first-row transition metal) were studied systematically [47] . Suntivich et al. proposed that the e g filling of surface transition metal cations can greatly influence the binding of OER intermediates on the perovskites surface and thus the OER activity. The highest OER activity among all oxides studied as predicted by the e g activity descriptor is Ba 0.5 Sr 0.5 Co 0.8 Fe 0.2 O 3 À δ (BSCF), and the intrinsic OER activities of perovskites exhibit a volcano-shaped dependence on the occupancy of the 3d electron with an e g symmetry of surface transition metal cations in an oxide, as shown in Fig. 5 [47] . Double perovskites (Ln 0.5 Ba 0.5 )CoO 3 À δ (Ln ¼ Pr, Sm, Gd and Ho) are also potentially active catalysts for the OER in alkaline solutions [18] .
Carbon nanotube supported metal oxides
One of the practical issues associated with the application of metal oxides as electrocatalysts for water electrolysis is the relatively high resistance due to fact that most of the metal oxides are semiconductors with wide band gap or insulator [48] . One strategy is to combine the electronically conducting carbon materials such as CNTs with metal oxides. CNTs are seamless cylinders composed of one or more curved layers of graphene with either open or closed ends and have been extensively studied as supports for electrocatalysts due to the high surface area, high conductivity and good corrosion resistance. Metal oxides, such as NiO x [49] [50] [51] [52] .
Due to the fact that the as-prepared CNTs are generally chemical inert, hence, it is necessary to modify or functionalize the surface of CNTs to introduce anchor sites for nucleating and anchoring metallic or metal oxide NPs. Generally, CNTs can be functionalized by covalent attachment of chemical groups through bonding to the π-conjugated skeleton of the CNTs or by non-covalent self-assembly or wrapping of functional polyelectrolytes or solvents. The covalent functionalization methods, including sidewall halogenation, hydrogenation, and radical additions and so on, have been intensively studied [55] . The most common covalent functionalization involves the attachment of carbonyl and hydroxyl groups via an acid oxidation treatment with a mixture of HNO 3 /H 2 SO 4 or by plasma etching [56, 57] . Unfortunately, the distribution of carbonyl and carboxyl groups generated by acid treatment was not controllable and inhomogeneous, and would Filled and open symbols correspond to the measurements taken using rotating and stationary Au working electrode substrates for which electrodeposited films are $ 70 and $ 25 nm thick, respectively (after Ref. [37] ).
lead to the aggregation of NPs [58] . Acid oxidation introduces structural defects and disrupts the delocalized π electron system in the CNT sidewalls, consequently altering the electronic and mechanical properties to a degree that may significantly affect the performance of the electrocatalysts. An important issue of metal oxide-CNTs hybrids is to functionalize CNTs with a suitable degree of functional groups for nucleating and anchoring nanocrystals without damaging the electronic properties. Dai group developed a modified Hummers oxidation method to produce mild oxidized CNTs, which provided sufficient anchoring sites for the nucleation and growth of metal oxides [59] . Lu and Zhao synthesized a Co 3 O 4 /CNT hybrid through a facile mild oxidation and hydrothermal precipitation two-step approach. The hybrid catalyst exhibited an onset potential of 1.51 V vs. RHE and an overpotential of 0.39 V at a current density of 10 mA cm À 2 [60] . Mildly oxidized CNTs are advantageous for introducing oxygen containing functional groups for anchoring of high catalytic active Co 3 O 4 NPs and at the same time maintaining structural integrity for efficient charge transport. Ultrathin nickel-iron layered double hydroxide (LDH) nanoplates supported on mildly oxidized CNTs achieved a current density of 10 A g À 1 at η ¼ 0.228 V in 1 M KOH with catalysts loading of 0.25 mg cm À 2 (see Fig. 6 ) [54] . Growth of LDH nanoplates on the functional groups on CNTs contributed to the high OER activity of the NiFe-LDH/CNT complexes [54] .
Development of more effective functionalization method that can not only introduce high density and homogeneous surface functional groups but also has little or no structural damage to CNTs is attracting increasing interests. Non-covalent functionlization of CNTs by various surfactants [57] , aromatic compounds [57, 61] , and functional polymers [62, 63] has been intensively studied as such functionalization method is effective to introduce high density and uniform active sites with little detrimental effect on CNTs. NiO x NPs with size around 2-3 nm supported on polyethylenimine (PEI) functionalized CNTs exhibited high activities for OER, achieving a current density of 100 A g À 1 at an overpotential of 0.35 V due to the synergistic effect between NiO x and CNTs [51] .
CNTs can be synthesized by using transitional metals, such as Fe, Co, Ni, Au, Pd, Ag, Pb, Mn, Cr, Ru, Mo, Cu, under controlled conditions [64] . Hence, incorporating metal catalysts during the growth of CNTs could be effective to develop OER electrocatalysts with high activity and structural stability. Based on this concept, our group developed metal-CNTs hybrids with sufficiently high metal oxide catalyst loading synthesized by arc-discharge and chemical vapor deposition (CVD) methods as electrocatalysts for OER in alkaline solutions, as shown in Fig. 7 [65] . The metal-CNTs hybrids produced by arc-discharge (M-CNTs-Arc) and CVD (MCNTs-CVD) exhibit a core-shell-like structure, in which metal NPs encapsulated by graphene shells are connected by CNTs, forming M-CNTs network hybrids. M-CNTs-Arc has NiCo 0. 16 Fe 0.34 metal core and shows very high activity and superior stability for OER, achieving 100 A g -1 at an overpotential (η) of 0.29 V and 500 A g -1 at η ¼ 0.37 V in 1 M KOH solution. This is probably the highest activity reported for OER in alkaline solutions. The advantages of this one-pot metal-CNTs hybrid synthesis method provides a strong interaction between the in situ formed metal oxide NPs and CNTs, is also easy scalable and allows the encapsulation of metal NPs inside the CNTs or graphene shells, achieving highly active and stable metal-CNTs hybrids for OER [65] . Table 1 compares some of the best metal oxide-CNTs hybrid OER catalysts reported in the literature.
Doping CNTs with heteroatoms such as nitrogen, boron and sulfur can significantly modify the absorption strength and electron structure of CNTs, which in turn can tune their overall catalytic activity, selectivity and durability [67] [68] [69] . Wang et al. synthesized cobalt-embedded nitrogen doped CNTs using cobalt-phthalocyanine (Co-Pc) as a precursor and the sources of cobalt and nitrogen [70] . The as-synthesized catalysts showed current density of 50 mA cm À 2 in alkaline media and 10 mA cm 
CNTs based metal free catalysts
Recently, heteroatom doped carbon materials have been investigated as potential metal free OER catalysts. Zhao et al. synthesized a nitrogen-doped carbon material for OER in alkaline media, achieving a current density of 10 mA cm at an overpotential of 0.38 V [73] . The results indicated that the high OER activity of the nitrogen-doped carbon materials was originated from the pyridinic-nitrogen-or/and quaternarynitrogen-related active sites [73] . Tian et al. reported the synthesis of N-doped graphene/SWNTs hybrid for both ORR and OER and observed a current density of 10 mA cm À 2 at a potential of 1.63 V for OER [74] . Graphitic carbon nitride (g-C 3 N 4 ) hybridized with CNTs was synthesized using cyanamide as precursor and the optimal CNT content was found to be $ 0.2 wt% in the composite, which displayed a 2.4-fold enhancement in photocatalytic water splitting over pure g-C 3 N 4 [75] . Graphitic carbon nitride nanosheets and CNTs composites exhibited high activity and stability for OER [76] . Chen et al. reported the synthesis of N,O-dual doped graphene-CNT hydrogel film electrocatalyst via layer-by-layer assembly of chemically converted graphene (with intrinsic oxygen impurities) and CNTs through a simple filtration procedure followed by N-doping with ammonia [77] . This self-supported material showed high OER activity, which has been attributed with the dual active-sites mechanism originating from the synergy of chemically converted graphene and CNTs [77] .
In addition of heteroatom doped CNTs, modification of the CNT structure can create active sites for electrochemical reactions such as ORR. Li et al. demonstrated that partially unzipping the "few-walled CNTs" via oxidation and high temperature reaction with ammonia, creating nanoscale sheets of graphene attached to the inner tubes, can act as ORR catalysts in both acid and alkaline conditions [78] . The inner walls remain intact and retain their electrical conductivity, which facilitates charge transport during electrocatalysis. Waki et al. found that the formation of topological defects on the MWNTs through successive oxidation by refluxing in sulfuric acid and concentrated nitric acid and annealing in argon at high temperature can significantly enhance the activity for ORR in acid solutions compared with pristine CNTs [79] . Such structurally modified CNTs could also be effective for OER.
Most recently, we have found that CNTs composed of 2-3 concentric tubes had an outstanding activity for the OER in alkaline solution as compared with SWNTs and MWNTs [80] . For example, current density measured at 1.8 V (vs RHE) for the OER on triple-walled CNTs is 56 mA cm À 2 , $ 10 times higher than 5.9 mA cm À 2 measured on SWNTs and 35 times higher than 1.6 mA cm À 2 measured on MWNTs. One hypothesis is that for the OER on CNTs with 2-3 inner tubes or walls, efficient electron transfer occurs on the inner tubes of the CNTs most likely through electron tunneling between outer wall and inner tubes, significantly promoting the charge transfer reaction of OER at the surface of outer wall of the CNTs [80, 81] . For SWNTs, such separation of functionality for OER is not possible, while effective electron tunneling between outer wall and inner tubes of the CNTs diminishes as the number of walls increases due to the reduced dc bias (i.e., the driving force) across the walls or layers of MWNTs (see Fig. 8 ) [81] .
Conclusions and perspectives
One of the critical issues in the development of water electrolysis technologies is the kinetically sluggish OER. Thus, the development of more efficient, structurally durable and economically viable electrocatalysts for OER is urgently needed. In acid solution, noble metals and their oxides are still the most effective electrocatalysts. However, in alkaline solution, electrocatalysts based on the transition metal oxides/ hydroxides such as Co, Ni, Fe systems have been demonstrated as the most active and low cost OER catalysts. Perovskite or double perovskite oxides also showed promising potential as highly efficient electrocatalysts for OER in alkaline solutions. The disadvantages of the generally low electrical conductivity of metal oxides can be partly overcome by forming metal oxide-CNTs hybrids. The most attractive strategy appears to be the in situ incorporation of metal oxide catalysts in the synthesis of CNTs as shown in [65] . The attractiveness of such one-pot metal-CNTs hybrid synthesis method is the high stability of the graphene shell encapsulated metal oxide NPs and easy scalability for mass production.
Metal free OER catalysts are gaining increasing attention and offer exciting opportunities for the development of new generation electrocatalysts for water electrolysis, particularly in the areas of heteroatom doped CNTs and graphene materials. The recent discovery of the outstanding electrocatalytic activity of CNTs with 2-3 inner tubes or walls [80, 81] opens a new dimension in the development of highly effective and inherently stable CNTs based electrocatalysts for OER by manipulating the quantum properties of carbon materials. However, the origin of the OER activity of such CNTsbased metal-free catalysts has not been fully understood yet, and more efforts are urgently needed to fundamentally understand the origin of the active sites and the charge transfer process between the outer and inner tubes by the electron tunneling mechanism under the water electrolysis conditions.
